ABSTRACT: Mesoporous, micro/nanosized TiO 2 /C composites with uniformly dispersed TiO 2 nanoparticles embedded in a carbon matrix have been rationally designed and synthesized. In brief, TiO 2 precursor was infiltrated into the channels of surfaceoxidized mesoporous carbon (CMK-3) by means of electrostatic interaction, followed by in situ hydrolysis and growth of TiO 2 nanocrystallites, resulting in ultrafine TiO 2 nanoparticle confined inside the channels of mesopores carbon. 
■ INTRODUCTION
Lithium ion batteries (LIBs) have been regarded as one of the most promising candidates for applications in electric and hybrid vehicles with the potential to save oil and reduce CO 2 emissions, although they still suffer from low power density and safety concerns. 1−4 Conventional graphitic carbons used as anodes in commercial LIBs exhibits poor rate performance induced by its low Li diffusion coefficient. 5 Because of the lower operating voltage, solid-electrolyte interface (SEI) film and dendritic lithium are easily formed on the surface of graphite anode, which would cause serious safety issues and poor cycle life. 6−10 The commercial LIBs are inadequate to meet high power applications, advanced materials with better safety and high rate capability are critical for next-generation LIBs.
Titanium-based compounds are promising candidates as alternative materials to carbonaceous anodes, because of not only its structural characteristics and special surface activity but also its low cost, safety, and environmental benignity. 11−18 Typically, the Li + insertion/extraction reaction for TiO 2 polymorphs occurs in the potential range of 1.4−1.8 V vs Li/ Li + , according to the following reaction
TiO e Li TiO (0 1)
Because of low packing density, anatase (density, ρ = 3.89 g cm −3
) and TiO 2 −B (ρ = 3.73 g cm −3
) phases show higher lithium storage capacity as compared to densely packed brookite (ρ = 4.13 g cm −3 ) and rutile (ρ = 4.25 g cm −3 ) phases, both anatase TiO 2 and TiO 2 −B have been extensively investigated as potential alternative anode material for LIBs. 19, 20 Anatase TiO 2 is known to be a electrochemically active with a capacity of about 0.6 lithium ion in Li x TiO 2 at 1.78 V vs Li/Li + . TiO 2 −B is the least dense polymorph of TiO 2 , and has a theoretical capacity of 335 mA h g −1
. TiO 2 −B has an open structure with freely accessible channels for Li-ion transport perpendicular to the (010) face, which allows easy Li-ion transport. It has been demonstrated that the kinetics of lithiumion storage in TiO 2 −B is governed by a pseudocapacitive Faradaic process, which is not limited by solid-state diffusion of Li ions. 21 Unfortunately, the rate performance of bulk titania and Li 4 Ti 5 O 12 material is greatly limited due to the poor electronic and ionic conductivity, which constitutes a major obstacle for its practical application.
31−35 Two main approaches have been developed to improve the electronic conductivity. One way is the addition of conductive secondary phases, such as conductive carbon, 36, 37 or noble metals (such as Ag), 38 or oxides (such as RuO 2 ). 39 Although noble metals and oxides could improve electronic conductivities, they do increase the cost of the active materials and reduce the weight fraction of active materials. The other way is to dope the active materials with heteroatoms sacrificing cycle life. 40 Tailoring the particle size from micrometer to nanometer is a key to improved Li + diffusion, because of the reduced diffusion length. 41−43 The fabrication of nanosized particles is still a challenge by using solid−state reaction or sol−gel methods because the conventional synthesis routes require high temperature treatment to achieve phase-pure lithium titanate. Wet chemical synthesis is among the best choices for the preparation of nanocrystallite Li 4 by using this method, which show enhanced charge transfer kinetics. However, nanosized materials are difficult to make electrodes and suffer from lower volumetric density than micrometer-sized materials. It is also more difficult to maintain efficient electron transport between the current collector and the active materials, because of more contacts that must be preserved against a background of nanosized particles. 46 To acquire an optimized electrochemically performance by using nanosized materials, it is desirable to create a micrometer-sized conductive matrix that enables fast electron transport between nanoparticles. Further improvement can be achieved by introducing high porosity and high specific surface area. 47, 48 The mesoporous materials offer fast ion/electron transfer and sufficient contact between active materials and electrolyte, resulting in a large lithium storage capacity and high insertion rates. CMK-3, a highly conductive mesoporous carbon with desirable characteristics, has attracted much attention for used as conductive and porous matrix for LIBs. 49−51 However, the synthesis and lithium-ion storage properties of order mesoporous TiO 2 /C and Li 4 Ti 5 O 12 /C has been very limited. Ishii et al. synthesized mesoporous TiO 2 /C by triconstituent coassembly method using copolymer, Pluronic F127, as soft template. 52 Kang and co-worker reported a mesostructured spinel Li 4 Ti 5 O 12 -carbon nanocomposite via the similar method. 53 The improvement of electronic conductivity is limited because the lower temperature calcinations in order to preserve their ordered structures.
In this paper, we report an ordered mesoporous, micro/ nanosized TiO 2 /C composite (MMN−TO/C) by a nanocasting technique using CMK-3 as template and tetrabutyl titanate (TBT) as precursor, in which TiO 2 nanoparticles are embedded in the mesopores of carbon matrix. The mesoporous, micro/nanosized Li 4 Ti 5 O 12 /C (MMN−LTO/C) were in situ formed by chemical lithiation of MMN−TO/C, followed with postannealing. In this "meso-micro/nano" composite electrode, the CMK-3 not only serves as conductive matrix that enables fast electron transport, but also prevents nanocrystal growth during the calcination process. Furthermore the mesoporous structure may facilitate the contact of nanoactive material with electrolyte. When tested as potential anode materials for LIBs, the "meso-micro/nano" composite electrode exhibits excellent rate capability and good cycling properties at high rates.
■ EXPERIMENTAL SECTION
Materials Synthesis. CMK-3 was prepared using SBA-15 as template, which is further described in the Supporting Information. In brief, 0.2 g of CMK-3 template powder was refluxed in 6 M HNO 3 solution under stirring for 1 h at 80°C to make the powder more easily dispersible in ethanol. In a typical process, 1.0 g of concentrated HCl was slowly added to 1.9 mL of tetrabutyl titanate (TBT) under vigorous stirring. Meanwhile, 0.1 g of acid-treated CMK-3 was ultrasonically dispersed in 10 mL of ethanol. After ultrasonic treatment, the mixture of TBT/HCl was added to the above solution with vigorous stirring for 2 days to ensure the complete infiltration of pores. The mixture was then dried and ground. The powder was sintered at 400°C for 2 h in a nitrogen atmosphere to obtain MMN− TO/C. For the preparation of MMN−LTO/C, 0.5 g dried powder was dispersed in a 2.0 M LiOH aqueous solution and kept at 60°C for 10 h. The black precipitate was then separated by filtration and washed with high-purity water several times to remove an excess of hydroxides before drying at 60°C for 12 h. Subsequently, the black powder was sintered at 500°C for 2 h in a nitrogen atmosphere to obtain MMN− LTO/C. Materials Characterization. The crystal structure of the obtained samples was characterized by X-ray diffraction (XRD) (Bruker D8 advance) with Cu Ka radiation. Microstructural properties were determined using transmission electron microscopy (TEM, FEI, Tecnai-20, USA), and field-emission scanning electron microscopy (FESEM, LEO 1430VP, Germany). The composition of the samples was analyzed by energy dispersive X-ray spectroscopy (EDX) attached to the FESEM instrument. The N 2 adsorption/desorption were determined by Brunauer−Emmett−Teller (BET) measurements using an ASAP-2010 surface area analyzer. Raman spectra were collected using a Renishaw 2000 system with an argon ion laser (514.5 nm) and charge-coupled device detector. Thermogravimetric analysis was performed on a TG instrument (NETZSCH STA 409 PC).
Electrochemical Measurement. The electrochemical characterization was carried out by galvanostatic cycling in a two-electrode electrochemical cell. The working electrode was prepared by a slurry coating procedure. The slurry consisted of 85 wt % active material, 5 wt % acetylene black, and 10 wt % polyvinylidene fluoride (PVDF) dissolved in N-methyl pyrrolidinone (NMP), and was uniformly spread on an aluminum foil current collector. Finally, the electrode was dried under vacuum at 110°C for 12 h. The typically mass loading of active materials is about 9 mg cm −2 . Test cells were assembled in an argon-filled glovebox using Li foil as the counter electrode and polypropylene (PP) film as separator. 
■ RESULTS AND DISCUSSION
The fabrication process for MMN−TO/C composites is depicted in Scheme 1. The ordered mesoporous carbon CMK-3 was synthesized by replication using SBA-15 as template and sucrose as carbon source followed by a surface oxidation in 6 M HNO 3 to obtain the functionalized carbon matrix. The functional oxygenated groups on carbon surfaces not only gives rise to a hydrophilic surface but also drives the facile infiltration of precursors in the pores because of interaction with metal ions, leading to an easy and full loading of precursors into the whole mesopore system. The precursors are first converted into amorphous TiO 2 network by in situ controlled hydrolysis in the presence of HCl. A subsequent step through heat treatment at 400°C leads to crystallization of the TiO 2 and release of porosity, resulting in ultrafine TiO 2 nanoparticle confined in the connected mesopores carbon channels. The TiO 2 nanoparticles embedded in mesoporous carbon matrix were transformed in situ into Li 4 Ti 5 O 12 by chemical lithiation and a short post−annealing procedure to form highly conductivity MMN−LTO/C. The chemical composition of the samples was characterized by using X-ray diffraction (XRD; Figure 1 ). Figure 1a (Figure 1b) . By using Scherrer's formula based on the (101) peak for TiO 2 and (111) peak for Li 4 Ti 5 O 12 , the grain size of nanoparticles is estimated to be about 6 and 9 nm for MMN−TO and MMN−LTO, respectively. No obvious peaks corresponding to graphite are found in the XRD pattern of MMN−LTO/C, indicating the carbon in the sample is not well crystallized. This could be confirmed by a Raman spectroscopy measurement, which is shown in Figure S1 in the Supporting Information. The two strong bands around 1380 and 1590 cm −1 are attributed to the in-plane vibration of disordered amorphous carbon (D band) and crystalline graphic carbon (G band), respectively. The intensity ratio (I D /I G ) of the two bands is 1.39, verifying the low and close graphitization degree of the as-obtained composite. 54 The weight fraction of CMK-3 template in the two hybrid materials was determined by thermogravimetric analysis (TGA), with the results shown in Figure 1c Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were employed to investigate the morphology and structure of the different materials obtained. Representative SEM images (Figure 2a ) reveal that CMK-3 template has a rodlike morphology, as that of the mesoporous silica SBA-15. 55 The mesoporous channels of CMK-3 template in [100] directions is clearly visible in Figure 2b . Image taken from [001] direction confirms the 2-D hexagonal symmetrical mesostructure with uniform pore size of about 4 nm (insert in Figure 2b ), which is in good agreement with that measured from BET. The MMN−TO/C obtained by controlled hydrolysis of TBT in the mesopore carbon channel ( Figure  2c ). The uniform dispersed of the TiO 2 nanoparticles in the carbon matrix is further confirmed by the TEM image shown in Figure 2d , where TiO 2 nanoparticles highlighted by red arrows are embedded in mesopore channels as well as uniformly dispersed on the surface of CMK-3. The chemical composition of the products has been analyzed by energy-dispersive X-ray (EDX) spectroscopy (see Figure S2 in the Suporting Information), which confirms the existence of C, Ti and O. After chemical lithiation and a short post-annealing procedure, the MMN−TO/C was transformed in situ into MMN−LTO/ C, which maintains the same shape and morphology as that of (Figure 2e, f) . From a high-magnification TEM image (see Figure S3 in the Supporting Infomration), the size of LTO nanoparticle is about 10 nm, which is in agreement with the XRD result.
The in situ hydrolysis and crystallization of the loaded precursors to oxides is accompanied by significant volume shrinkage, with part the preoccupied pore space by the precursors being released after the conversion. As a result, the MMN−TO/C and MMN−LTO/C still possess high mesoporosity and an open pore system. Brunauer−Emmett− Teller (BET) gas-sorption measurements were performed to further investigate the specific surface areas and the porous nature of the CMK-3 template, MMN−TO/C and MMN− LTO/C. Nitrogen adsorption−desorption isotherms of the CMK-3 template are found to be type IV according to the IUPAC classification and exhibits a typical H1 hysteresis loop in the P/P 0 range of 0.4−0.6 (see Figure S4 in the Supporting Information). 56 The pore size distribution (PSD) measurements reveals that the CMK-3 template has a very narrow poresize distribution centered at ca. composite offers the potential to improve the electrochemical properties, in which electrolyte can easily infiltrate into the mesopores to contact the embedded nanocrystals. The electrochemical performance of MMN−TO/C was evaluated in lithium half-cells first (Figure 4 ). The first 3 cycles galvanostatic charge−discharge curves for MMN−TO/C composite at a current density of 0.1 A g −1 are shown in Figure 4 a. Two pair distinct voltage plateaus can be observed in the charge−discharge curves, which imply that there are two steps for lithium insertion/extraction the material. The MMN− TO/C delivered the first discharge capacity, approximately 273.6 mA h g −1 . On charging, the capacity reached only 197.1 mA h g −1 , of which the large irreversible capacity between charge and discharge corresponds to 76.5 mA h g . Several factors may be responsible for the low initial Coulombic efficiency (72%). Consumption of lithium ions may be partially attributed to the insertion of lithium ions with the physiadsorbed water on TiO 2 resulting in the formation of Li 2 O on the surface. 57, 58 Another reason may be ascribed to the Li being inserted into irreversible sites, such as surface vacancies or voids, either in anatase and/or in TiO 2 −B.
59 Further, the CMK-3 template have large initial irreversible capacity due to its high surface area. 60 However, in the subsequent two cycles, the discharge/charge curves are gradually coincided with each other, indicating a lower irreversible capacity and a higher Coulombic efficiency. Figure 4b shows the representative cyclic voltammograms (CVs) of MMN−TO/C electrode at a scan rate of 0.5 mV s −1 in the voltage range of 1.0−3.0 V. Consistent with the above galvanostatic charge−discharge analysis, two pairs of redox peaks can be observed. The pair of sharp redox peaks at 1.68 and 2.06 V is attributed to lithium insertion/ extraction with respect to the anatase phase whereas the other pair of broad redox peaks at 1.50 and 1.63 V is assigned to TiO 2 −B phase. The rate performances of MMN−TO/C at the current density of 0.1−3 A g −1 is show in Figure 4c . At lower current density, the discharge capacities at 0.2 and 0. , respectively. The electrochemical properties is better than pure TiO 2 , 16 carbon coating TiO 2 particle, 19 mesoporous TiO 2 /C synthesized by soft template method. 52 The cycling performance of MMN− TO/C was then investigated under different current density ). In Figure 4d , the charge/ discharge capacities are displayed as a function of the number of cycles. Remarkably, at a current density 0.5 A g , a reversible capacity of 133.9 mA h g −1 was retained after 100 cycles. When a higher current density of 3 A g −1 is employed, a reversible capacity of 81.2 mA h g −1 can still be obtained after 100 cycles, which corresponds to only 0.11% capacity loss per cycle. Evidently, the electrochemical studies demonstrate that the MMN−TO/C exhibit a superior reversible capacity, excellent cycling performance, and good rate capability.
We also investigated the electrochemical properties of MMN−LTO/C for application as potential anode materials for LIBs. Figure 5a 
The rate performances of MMN-/C at the rate of 0.2−60 C is show in Figure 5c . At the initial lower rate of 0.2 C, the MMN− LTO/C give a discharge capacity of 167.4 mA h g −1 during the first cycle with a Coulombic efficiency of ∼91%. The Coulombic efficiency is not high for LTO, which might be ascribed to irreversible capacity of CMK-3 and breakdown processes in the electrolyte solution during the initial cycles. The specific discharge capacity was slightly reduced to 138.6, 117.9, 110.3, and 101.9 mA h g −1 at the current rates of 1, 5, 10 and 20 C, respectively. Even at a high current rate of 60 C, a reversible capacity of 69.2 mA h g −1 could still be delivered, nicely confirming that the MMN−LTO/C has an advantage of building up a good ionic and electronic conduction net in the electrode. Figure 5d displays the high reversibility of the underlying electrochemical reactions over many charge− discharge cycles, at different current densities (C rates). The discharge capacity in the first cycle was 126.8 mA h g −1 at the rate of 2 C, after 100 cycles with 8.2% capacity loss. A further increase in the C-rate to 20 C led to decrease in capacity, but a reversible capacity of 96.5 mA h g −1 can still be obtained after 100 cycles, which corresponds to only 0.05% capacity loss per cycle. This result demonstrates that the structure of the composite is very stable, and the electrochemical Li + insertion/ extraction process is quite reversible even at high rates.
The impressive electrochemical performance of MMN−TO/ C (MMN−LTO/C) is ascribed to its unique nanostructure (Scheme 2). The mesopore carbon matrix not only creates a conductive matrix that enables fast electron transport between nano-active material but also effectively suppressed the undesired particle growth during the annealing in the present synthesis. The ultrafine nanoactive materials are highly dispersed in a mesopore carbon matrix, to building up a better ionic and electronic conduction net in the electrode layer. Furthermore, the mesoporous channel may facilitate electrolyte ion diffusion to active sites with less resistance.
■ CONCLUSIONS
In summary, mesoporous, micro/nano TiO 2 /C composite were rationally designed and successfully fabricated by using a nanocasting technique, in which the precursors solution can easily penetrate into the mesopores channel of surface-oxidized Experimental details, Raman spectrum, EDS, N 2 adsorption− desorption isotherm. This material is available free of charge via the Internet at http://pubs.acs.org.
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